I. INTRODUCTION
The phenomenon known as magnetic Barkhausen noise ͑MBN͒ has been identified as the irreversible changes in the magnetization of ferromagnetic materials, which are produced by the interactions of domain walls, or domain-wall sections, with material pinning sites.
The MBN has been found to be sensitive to the microstructure [1] [2] [3] and to the applied tensile stress [4] [5] [6] in ferromagnetic materials. For this reason, the MBN is now being widely used as a nondestructive technique for the characterization of these materials.
In order to study the influence of microstructure features on the MBN, several models have been developed. 2, [6] [7] [8] [9] [10] [11] [12] The most detailed quantitative predictions come from the models proposed by Alessandro et al. ͑ABBM͒ 6 and by Zapperi et al. ͑CZDE͒. 7 These models are very successful in the prediction of the MBN power spectrum and jump height distribution density, the main disadvantage of these models being that they do not include the effects of material microstructure features such as grain size, carbon content, etc., even if their equations, in particular those of the ABBM model, have been modified to include microstructure parameters. 8, 9 Additionally, other phenomenological models have established a direct relation between the MBN and the microstructure. Sakamoto et al. 10 modeled the effect of grain size and particle distributions on the rms ͑root mean square͒ of the Barkhausen signal, and Kameda and Ranjan 2 proposed a model that contains parameters related to the mean free path of the domain walls and to the nucleation and annihilation of domains.
Recently, MBN time-dependent models have also been proposed. 11, 12, 20 These models describe the behavior of mean statistical parameters such as the MBN jump size distribution, 6 critical exponents, 7 rms, 9,10 and the MBN profile. 11, 12 In this context, the mean statistical parameters are obtained by a simplified representation of elementary MBN signals, also known as MBN jumps. However, these MBN jump models differ from one study to another. In the ABBM model, 6 the MBN jumps are considered to be random fluctuations with constant amplitude A and correlation length . In the model of Sakamoto et al., 10 the MBN jump presents constant duration 2 and time interval between successive jumps . In the Kameda and Ranjan 2 and Yardley 11 models, the MBN jump amplitude is proportional to the wall mean free path. In the MBN time-dependent models of PerezBenitez et al., 12 the MBN jumps are sharp peaks whose amplitudes depend on the coercive field of the pinning sites.
On the other hand, theoretical and experimental works on the MBN jump dynamics have also been carried out. Lomaev et al. 13 and Bennett et al. 14 modeled the Barkhausen jumps using a Döring-Becker equation with a second-order polynomial function for the potential barrier. Numerical results from both works show good agreement with experimental data. However, although these studies describe the dynamics and shape of the MBN jumps, in many applications it is more important to derive an analytic relation for the amplitude and duration of the jump as a function of the material parameters.
Determining the influence of the material features and of the magnetizing parameters on the amplitude and duration of the MBN jumps is an important problem that remains unsolved. The present study was undertaken in this context in order to build a model for the amplitude and duration of the MBN jumps that allows the establishment of the influence of the steel carbon content and of the applied field frequency on the amplitude and duration of the average MBN jump height.
II. EXPERIMENTAL SETUP AND MATERIALS
The general measurement system is schematically shown in Fig. 1 device ͑6070 National Instrument board with A/D, D/A, and D/D channels͒ supplies a sinusoidal wave of 0.6-3.0 Hz, which is amplified by a bipolar source Kepco BOP20-20D that feeds the magnetic circuit in order to magnetize the sample. The sinusoidal waveform of Ϯ2.0 A amplitude generates a magnetic field of Ϯ2.13ϫ 10 4 A / m, which produces magnetic saturation in the samples. The MBN sensor output is connected to a 100-gain preamplifier. After the preamplifier, the signal is high pass filtered ͑1 kHz͒. The signal is then amplified by a PC-programmable gain amplifier and, finally, low band filtered ͑100 kHz͒. The low-pass filter is related to the Nyquist theorem. The MBN signals were visualized by a digital oscilloscope being the digital acquisition performed by the mentioned data acquisition device with a sampling frequency of 200 kHz.
The samples were obtained from plain carbon steels: 1005, 1020, 1045, and 1070, with identical parallelepiped shape ͑200 mmϫ 15 mmϫ 2 mm͒. Heat treatments employing high temperature were carried out on samples covered with a layer of special clay. Details of the different heat treatments are summarized in Table I .
The samples were polished using diamond paste ͑6 and 1 mm͒ for metallographic examination. The samples were etched in a 2% Nital solution to reveal the microstructure. The microstructure was observed with an Olympus microscope BX60M ͑see Fig. 2͒ .
III. THE MODEL
The potential energy of a domain-wall segment ͑DWS͒ fluctuates as it moves through the material, these fluctuations being due to the presence of pinning sites. These sites generally represent minimums of the material internal energy. 15, [17] [18] [19] We will consider that the potential energy of the pinning sites can be schematically represented as in Fig.  3 .
The pinning site center is located at x = 0 and the function that describes the potential energy of the pinning site is given by a piecewise function of the form
where f 1 ͑x͒ and f 2 ͑x͒ are arbitrary, continuous, nondecreasing finite functions, and D is the diameter of the region where the pinning potential is different from zero ͑the reach of the pinning site͒.
It is known that the field acting on a 180°DWS, due to a pinning site potential energy, is given by 15, [17] [18] [19] 
where M s is the saturation magnetization, 0 is the magnetic permeability of the free space, and S w is the DWS area. 17 The field produced by this potential energy is schematically shown in Fig. 4 . This field is also known as the local coercive field of the pinning site.
The coercive field is given by
. If the DWS is moving toward the pinning site ͑in this case from left to right͒, the coercive field −hcЈ͑x͒ "helps" the DWS motion. By contrast, when the DWS moves past the pinning site, the coercive field +hcЉ͑x͒ begins to oppose the DWS motion. However, this model will suppose f 1 Ј͑x͒Ϸ0, which means that the attraction force, acting on the wall segment entering the pinning site, is negligible, hcЈ͑x͒Ϸ0. Previous works have observed that this force is very low. 14 Moreover, the velocity of the wall is given by 6, 15 
where H͑t͒ is the applied field and is the mobility of the domain walls. This equation corresponds to the Döring-Becker equation with zero acceleration. 13 We will consider the case of two pinning sites one near the other: when the DWS is released from one pinning site, it moves to the other pinning site under the action of the applied magnetic field. The form of the potential energy and that of the coercive field of the two pinning sites are shown in Fig. 5 .
The DWS is located at the pinning site i − 1 and a magnetic field H͑t͒ = H max sin͑t͒ϷH max t is acting on it. The condition for the DWS releasing is H͑t i−1 ͒ = hc i−1 , where t i−1 is the releasing instant and hc i−1 = max͉hc i−1 Љ ͑x͉͒ ͑Fig. 6͒. In this instant, the DWS is located at the point x = x i−1 + D i−1 / 2 = x i − Di / 2. Then, the DWS begins to move under the action of the applied field H͑t͒, which increases the DWS velocity until it reaches the point x = x i . At this point, the coercive field of the pinning site i͑+hc i Љ͒ reduces the DWS velocity.
Therefore, the velocity reaches a maximum at the point x = x i . The distance from the point of release ͑x i − Di / 2͒ to the point x = x i is s max = Di / 2.
When the DWS is released from the pinning site i −1, Eq. ͑2͒ can be set as where s and are, respectively, the distance and time measured from the releasing point, and HЈ͑͒ is the applied field acting on the DWS after the releasing point. In this case, the applied field is given by:
Substituting Eq. ͑4͒ in Eq. ͑3͒ and solving this differential equation with initial conditions = 0 and s = 0, one has
͑5͒
In order to obtain the time interval in which the maximum velocity is reached, one may write s͑͒ = s max ͑͒ = Di / 2 in Eq. ͑5͒. 
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Now, by solving the polynomial Eq. ͑5͒, we obtain max = −
Taking the positive value of Eq. ͑6͒ and substituting into Eq. ͑3͒, the maximum velocity is obtained,
Moreover, considering hc as the average local coercive field acting on the DWS, and D as the average diameter of the pinning sites, Eq. ͑7͒ can be written as
where, as mentioned before, hc is the average local coercive field of the pinning sites in the sample. According to Alessandro 6 and Bertotti, 23 the MBN signal of a domain-wall movement measured by the sensor, when considering the contribution of eddy current, is d / dt = ͑1 / G͒v, where is the electric conductivity, G is a dimensionless constant, v is the DWS velocity, and is the rate of the magnetic flux. Thus, by using Eq. ͑8͒, the MBN jump height can be written as
͑9͒
If the reach of the pinning site is small, D → 0, the duration of the jump is t max Х 0 ͑this sharp approximation of the pinning sites has been used before 13 ͒. The MBN jump height is given by Figure 7͑a͒ schematically shows the velocity of the wall interacting with the pinning sites. The minimum velocity is zero and also the minimum induced signal ͑v min = 0 and V i =0͒. Thus, the induced MBN signal presents a direct current component ͓see Fig. 7͑b͔͒ . This signal is filtered using a pass-band filter ͑see the experimental setup͒. The filtered signal is also shown schematically in Fig. 7͑b͒ . Thus, the maximum positive value of the MBN jump height after the filtering process is
. ͑11͒
This result coincides with previous works. 13 On the other hand, if H max D / hc 2 , the filtered signal MBN jump height is given by
͑12͒ In this case, the duration of the jump is max Ϸ͑D / H max ͒ 1/2 , and thus the area of the jump is A = D / 2G. We considered D / 2 as the distance from the releasing point to the other pinning site, also known as the wall mean free path. Thus, it is also reasonable to consider that the jump area is proportional to the wall mean free path, which is also in perfect agreement with previous results. 2, 12 Equation ͑10͒ represents the MBN signal produced by a single domain wall jumping from one pinning site to another. However, the jumps of the total MBN signal are produced by several single jumps ͑domain wall avalanches 16 ͒. Thus, the average MBN jump height is given by
where N is the average number of MBN jumps and V i is the height of a single domain-wall jump.
IV. RESULTS AND DISCUSSIONS

A. Influence of the carbon content on the MBN jump height
Using Eq. ͑13͒, the dependence of the MBN jump height on the steel carbon content can be analyzed. In this case, a sharp approximation of the pinning sites will be used, and thus V i = hc i / G. According to Sakamoto 11 and Kersten, 17 the pinning sites local coercive field in carbon steels due to second phase particles ͑such as cementite particles͒ is given by
where K is the anisotropy constant, M s is the saturation magnetization, ␦ is the domain-wall width, d p is the second phase particle diameter, and ␣ is the carbon content. In this case, the MBN jumps are mostly produced by the interaction of the 180°domain walls with the second phase particles. Thus, the average number of jumps, N , is proportional to the number of 180°domain walls N w and to the number of second phase particles N p ,
where C w is a constant.
The 180°domain width is D w ϳ ͱ d g , where d g is the mean grain diameter. 11 Hence, the number of 180°domain walls in one grain is ϳd g / D w = ͱ d g . The average number of grains in the cross-section unit area is ϳ1 / d g 2 . The number of 180°domain walls in the cross-sectional unit area is proportional to the number of grains in the cross-sectional unit area and to the number of 180°domain walls in one grain. Thus, one has N w = C / d g 3/2 , where C is constant. Furthermore, the number of second phase particles in the cross-sectional unit area is N p =6␣ / d p 3 , where d p is the mean particle diameter. 18 Finally, considering Eqs. ͑11͒ and ͑13͒-͑15͒, the equation for the average jump height results,
where C p =15K␦C / M s G. This equation reveals that the average jump height decreases with the grain size ͑in conformity with previous works 1,2 ͒ and increases with the carbon content ͑which also coincides with previous reports 2,10,12 ͒. Figure 8 shows the dependence of the average MBN jump height on the carbon content, and the corresponding fitting curve using Eq. ͑6͒.
From this figure, it can be seen that Eq. ͑16͒ is in good agreement with the experimental results for 0.05% wt.-0.45% wt. carbon content. However, for higher carbon content, this equation does not describe well the experimental results. This fact can be explained as follows: in Eq. ͑14͒ for the coercive field, we considered the particle diameter to be constant. For carbon content smaller than 0.45% wt., the increase in the carbon content mostly produces an increase of the particle density. On the order hand, the increase of the carbon content ͑mostly for carbon content higher than 0.45% wt.͒ causes changes in the size and morphology of the second phase particles, e.g., the size of the cementite lamellae in the pearlite regions increases forming long lamellae of cementites or nets of cementite lamellae. 21 Additionally, the distance between the cementite lamellae decreases with decreasing carbon content. 22 It is known that the domain walls tend to lie parallel to the cementite lamellae in the pearlite grains. Then, the coercive field produced by these defects increases with the carbon content, due to the change in the DWS 17 area. Also, according to Jiles, 15 the decrease of the distance between defects ͑in this case the distance between the cementite lamellae͒ increases the local coercive field. Thus, both effects produce strong pinning sites, and it has been already shown 15 that the strong pinning sites produce the domainwall bowing process that also reduces the MBN activity.
15
B. Influence of the applied field frequency on the MBN jump height
One of the most important conclusions that can be obtained by the use of Eq. ͑9͒ is that the MBN jump height is independent of the magnetizing parameters for low values of 
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Pérez-Benitez, Capó-Sánchez, and Padovese J. Appl. Phys. 103, 043910 ͑2008͒ these parameters ͑H max D / hc 2 ͒. If the frequency is very small, then V i Ϸ hc / 2G, which is independent of the frequency and of the maximum applied field. Figure 9 shows the dependence of the average jump height on the frequency of the applied field for different values of the maximum applied field. It can be seen from this figure that the jump height increases with frequency and also with the maximum applied field ͑in this case the excitation current, which is proportional to the applied field͒. However, for very low values of frequency, all the curves converge to the same value. This fact corroborates our analysis in this paragraph.
In the case in which H max D / hc 2 , the jump height can be described using Eq. ͑12͒. Figure 10 presents the dependence of the average MBN jump height on the frequency of the applied field as well as the fitting curve using Eq. ͑12͒ ͑frequency 10-100 Hz͒. Figure 10 shows that the fitting curve is in good agreement with the experimental data.
V. CONCLUSIONS
This work presents a model that correlates microstructural features and magnetizing parameters with the amplitude and duration of the MBN jumps. Results from the deduced theoretical equation are in good agreement with experimental data. In particular, the model describes very well the behavior of the average MBN jump height with carbon content, in the range 0% wt.-0.45% wt. The theoretical equation reveals that the MBN signal is independent of the magnetic field frequency for very low values of the frequency. Finally, the model also reproduces well the experimental data of the MBN signal for high applied field frequency ͑10-100 Hz͒. FIG. 9 . Dependence of the average jump height on the frequency for different applied fields and the corresponding fitting curves using Eq. ͑10͒ ͑frequency range 0.5-3 Hz͒.
FIG. 10. Dependence of the average jump height on the frequency and the fitting curve using Eq. ͑13͒ ͑frequency range 10-100 Hz͒.
